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ABSTRACT

THERMAL MICROACTUATORS FOR MICROELECTROMECHANCIAL SYSTEMS (MEMS)

Rebecca Cragun
Department of Mechanical Engineering
Master of Science

Microactuators are needed to convert energy into mechanical work at the
microscale. Thermal microactuators can be used to produce this needed mechanical work.
The purpose of this research was to design, fabricate, and test thermal microactuators for
use at the microscale in microelectromechanical systems (MEMS). The microactuators
developed were tested to determine the magnitude of their deflection and estimate their
force.
Five groups of thermal microactuators were designed and tested. All of the groups
used the geometrically constrained expansion of various segments to produce their
deflection. The first group, Thermal Expansion Devices (TEDs), produced a rotational
displacement and had deflections up to 20 µm. The second group, Bi-directional Thermal
Expansion Devices (Bi-TEDs) were similar to the TEDs. The difference, as the name
implies, was that the Bi-TEDs deflected up to 6 µm in two directions. Thermomechanical
In-plane Micromechanisms (TIMs) were the third group tested. They produced a linear

motion up to 20 µm. The fourth group was the Rapid Expansion Bi-directional Actuators
(REBAs). These microactuators were bi-directional and produced up to 12 µm deflection
in each direction. The final group of thermal microactuators was the Joint Actuating Micromechanical Expansion Systems (JAMESs). These thermal microactuators rotated pin joints
up to 8 degrees.
The thermal microactuators studied can be used in a wide variety of applications.
They can move ratchets, position valves, move switches, change devices, or make connections. The thermal microactuator groups have their own unique advantages. The TIMS can
be tailored for the amount of deflection and output force they produce. This will allow them
to replace some microactuator arrays and decrease the space used for actuation. The BiTEDs and REBAs are bi-directional and can possibly replace two single direction microactuators. The JAMESs can be attached directly to a pin joint of an existing mechanism.
These advantages allow these thermal microactuator groups to be used for a wide variety
of applications.
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CHAPTER 1

Introduction

The purpose of this research was to design, fabricate, and test various configurations of thermal microactuators for use in microelectromechanical systems (MEMS). These
thermal microactuators were designed to be incorporated into a wide variety of microsystems, which can then combined for use in many diverse applications. The thermal
microactuators were tested and data was collected on their deflection, actuation time, and
output force. This introduction briefly defines the basic concepts behind thermal microactuators.
An actuator is a device used to bring other devices or systems into operation or
action. The thermostat in homes is an example of a thermal actuator. The actuator inside the
thermostat deflects, and the heater turns on when the temperature falls below a certain
temperature, or when the temperature rises above a preset temperature the actuator moves
and the air conditioning system is turned on.
For most materials an increase in size is observed when they are heated, and a
decrease in size occurs with decreasing temperature. The amount of thermal expansion is
Introduction
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small when compared to the overall size of the device undergoing the expansion. Therefore,
for thermal expansion to be used for actuation, it must be coupled with a way to amplify
the motion. For the thermal microactuators described in this thesis, this amplification was
obtained by using geometrically constrained designs.

1.1 Importance of the Research
Thermal microactuators are a fundamental building block for larger systems. They
may be used directly in toggling electrical switches or moving valves. Thermal microactuators are also used to move gear trains and other power transmission systems. By
combining thermal microactuators as parts of systems, the number of possible applications
in which they are used increases dramatically.
This thermal microactuator research provides a solution to one of the challenges in
MEMS. This challenge is to transform the electrical energy available into mechanical
motion at the microscale. Thermal microactuators do this. They take the electrical current
available and transform it by using electrical resistance to cause sections to heat up and
expand.
The thermal microactuators researched are able to be integrated with electrical
microsystems on the same chip. The thermal microactuators were fabricated using the same
process and materials as their electrical counterparts, making this integration possible.
A number of thermal microactuator configurations have been developed. These
include thermal microactuators that produced rotational displacements, linear displacements, and bi-directional motion. The ability to choose a microactuator that is tailored for
the application enhances their importance as a basic building block for MEMS.
2
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An equally important component of this research was the measurement of the
amount of displacement expected from the thermal microactuators. Various parameters
were changed and the resulting amount of deflection was measured. Understanding how the
deflection changed with these parameters was an important goal of this research. A
secondary goal was to determine a way to measure and estimate the output force of thermal
microactuators.

1.2 Contributions of the Research
The contributions of the research include an explanation of the use of geometric
constraints to amplify motion and, most importantly, the design, fabrication, and testing of
several thermal microactuator configurations. This research also contributes methods of
estimating the output force of microactuators.

1.3 Outline of the Thesis
The next chapter discusses the theory behind thermal actuation; the relationships
between resistance, temperature and area; and the surface micromachining fabrication
process for MEMS. Chapter 3 contains a review of past work. It includes devices that have
used thermal expansion or thermal heating, other thermal microactuators, and electrothermal modeling. Chapter 4 describes the experimental setup used to test the thermal
microactuators. Chapters 5 through 7 describe the thermal microactuators tested and the
results of the testing. Chapter 8 gives the conclusions and recommendations.

Introduction
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CHAPTER 2

Background

2.1 Thermal Actuation
The development of machines has been associated with the need to extend human
capabilities to perform useful work. Early machine systems used actuators which converted
the available energy such as thermal, gravitational, or electrical energy into a mechanical
output. This research outlines how microactuators achieve this fundamental objective of
converting energy into mechanical work on a microscale. This section outlines the theory
behind thermal microactuation, a thermal microactuator fabrication process, and a
description of stiction and other constraints associated with MEMS.

2.1.1 Thermal Expansion Equations
If the temperature of a material of length L is changed by a temperature difference,
∆T, then the change in the length, ∆L, of the member is predicted by the thermal deformation equation
∆L = L α ∆T

Background
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where α is the coefficient of linear expansion which depends upon the material and temperature range. Similarly, the volumetric deformation equation for the expansion of solids is
∆V = V β ∆T

(2.2)

where V is the volume and β is the coefficient of volume expansion for the material. For
isotropic materials β is approximately equal to three times α, assuming that the overall
change in length is small. For the derivation of the volumetric approximation for isotropic
materials see Appendix A.

2.1.2 Thermal Expansion of Crystals
The thermal microactuators investigated are made out of polycrystalline silicon
(polysilicon). Therefore, the mechanisms that cause their expansion are similar to those for
crystalline solids. Crystalline solids are held together in a three dimensional periodic lattice
by interatomic forces. The individual atoms vibrate about lattice sites with an amplitude
that varies as a function of temperature. A rise in temperature for crystalline solids
increases the average distance between the neighboring atoms. Hence, the solid as a whole
expands. The opposite occurs for a drop in temperature. The linear and volumetric coefficients of expansion are a measure of how the average atomic distance changes for different
materials over given temperature ranges. For polysilicon the linear coefficient of thermal
expansion is 2.33 x 10-6 / K. (Hetnarski, 1986)
The expansion coefficient for polysilicon is small when compared to metals. For
example, aluminum has an expansion coefficient of 23 x 10-6 / K. This indicates that
polysilicon has an expansion approximately one-tenth that of aluminum for the same
temperature change. (Krishnan et al., 1979)
6

Background

To illustrate the expansion expected from polysilicon, consider a beam with a length
of L = 200 µm undergoing a temperature difference of ∆T = 1,000 K. The increase in length
resulting from thermal expansion is only ∆L = 0.5 µm.

2.1.3 Resistance and Temperature
The values of most physical properties, including resistivity, vary with temperature.
For most materials the relationship of resistivity to temperature is approximately linear
over a broad range of temperatures as described by the following empirical relationship:
ρ - ρo = ρo α r (T-To)

(2.3)

where T is the temperature of the material, ρ is the resistivity at temperature T, To is a
reference temperature, ρo is the resistivity at the reference temperature, and αr is the resistivity temperature coefficient. For silicon αr = -70 x 10-3 /K and ρo= 2.5 x 103 Wm at 293
K. (Krishnan et al., 1979)
From this equation, the fractional change of the electrical resistivity per unit change
of temperature is
αr = 1/ρ (δρ/ δT)

(2.4)

For most metals such as aluminum or copper the coefficient of resistivity is positive. This
indicates an increase in electrical resistivity with temperature. However, silicon has a
negative temperature coefficient, αr = -70 x 10-3 /K, which indicates that its resistivity
decreases with increasing temperature. In other words, as silicon heats up the electrical
resistance decreases. This phenomenon is undesirable for thermal microactuators. It is
desired that a small increase in current would cause a large rise in temperature. Instead, this
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indicates that a substantial increase in current is needed for an additional rise in temperature. (Krishnan et al., 1979)

2.1.4 Area Versus Resistance
The resistivity of a material, ρ, is the electric field, E, divided by the current density
at a point, J, or in equation form
ρ =Ε / J

(2.5)

The electric field, E, is the gradient of the potential divided by the length, L, between the
ends. The current density, J, is the current divided by the cross-sectional area, A. Substituting the electric field and current density relationships into Eq. (2.5) and realizing that the
resistance, R, is the potential divided by the current, the resistance to cross-sectional area
relationship becomes
R=ρL/A

(2.6)

This shows that the resistance of a member is inversely proportional to its cross sectional
area. Therefore, members with the same resistivity and length with a smaller cross sectional
area will have a higher resistance than a member with a larger cross sectional area.
(Halliday and Resnick, 1988)
It is the difference in cross sectional area that allows for the different expansion
rates for various parts of thermal microactuators made of a single material. For a given
current input, the smaller cross sectional area member will have a higher resistance, greater
increase in temperature, and elongate more than other members with the same length.

8
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Circle

Thermal Member

FIGURE 2-1: Constraint used to amplify thermal expansion.

2.1.5 Constraints to Amplify Motion
The coefficient of linear thermal expansion and the melting point of the material
limit the amount of elongation possible from thermal expansion. Because of these limitations, the elongation from thermal expansion alone is usually not large enough for effective
actuation. In order to obtain larger deflections, appropriate constraints are applied to the
elongating member to amplify the motion.
An illustration of an amplifying constraint is shown in Figure 2-1. For this
constraint the thermal member is heated and expands along its length. However, it cannot
expand horizontally because the roller attached to the end of the thermal member is
constrained against a noncircular path. The path the roller follows is designed so that its
distance from the center of rotation of the thermal member gradually increases. Therefore,
the expansion forces from the member cause the roller to follow the path. The roller moves
until it reaches the point where the amount of expansion of the member is equal to the
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increased distance of the path from the pinned joint. The result of this type of constraint is
that a small linear expansion has caused a large rotational displacement.

2.2 MEMS
In the second half of the seventeenth century, man first looked through a microscope
and started to probe into the microscopic world. It is into this world that MEMS are
evolving.

2.2.1 Fabrication Process
Several MEMS fabrication methods exist including surface micromachining, bulk
micromachining, and LIGA. This section describes surface micromachining, because it
was the process used to fabricate the thermal microactuators in this study. The fabrication
of a simple beam with one end fixed will be used to demonstrate this process. The beam
represents the fabrication of one member of a thermal microactuator.
The process starts with a silicon wafer. The surface of the wafer is doped with
phosphorus in a standard diffusion furnace. This dope prevents charge feedthrough to the
substrate. Next, a very thin silicon nitride layer is deposited by LPCVD (low pressure
chemical vapor deposition) which acts as an electrical isolation layer. The nitride layer is
then patterned. To pattern the nitride layer, a layer of photoresist is deposited. The photoresist is then patterned and developed. The exposed areas of photoresist is chemically
removed. This step creates the desired etch mask of photoresist for the nitride layer as
shown in Figure 2-2. The exposed, unwanted nitride is removed by a RIE (Reactive Ion
Etch). Finally, the remaining photoresist is removed in a solvent bath. After the solvent

10
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FIGURE 2-2: Formation of the photoresist etch mask for the nitride layer.

First Oxide
Nitride
Phosphorous
Dope

Silicon Substrate

FIGURE 2-3: Depositing the first oxide layer.

bath, a polysilicon film is deposited by LPCVD. This polysilicon layer is patterned the
same way the nitride layer was patterned. Figure 2-3 shows a PSG (phosphosilicate glass),
or oxide layer, deposited on top of the nitride layer. This is used to separate the two layers
of polysilicon or the nitride and polysilicon layers. The oxide is patterned as previously
described. After the oxide is patterned, another layer of polysilicon is deposited by LPCVD.
This layer of polysilicon is patterned. This layer was used for the simple beam and is shown
in Figure 2-4. This polysilicon layer is coated by another PSG layer. This process of
patterned polysilicon and PSG is repeated for additional layers of polysilicon. After the
additional layers are deposited the entire mechanism undergoes a final etch or die release

Background
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Photoresist
Polysilicon
First Oxide
Nitride

Silicon Substrate

FIGURE 2-4: The photoresist is patterned ready to etch away the underlying layer of
polysilicon.

Silicon Substrate

FIGURE 2-5: The simple beam with one end fixed.

which removes the oxide layers. The final design is shown in Figure 2-5 and is now ready
to be tested.
Variations in the process are possible depending upon the manufacturer. Some offer
a metal layer on the top layer. Others offer small extrusions of polysilicon into the oxide
layer called dimples. The number and materials of the layers provided also vary. With these
modifications various microactuators and other micromechanisms have been produced.
For this research the Multi-User MEMS Process (MUMPs) was used. This fabrication process allowed for three layers of polysilicon. The first polysilicon layer was on the
nitride layer with the other two layers suspended above the nitride layer. The MUMPs
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process also allows for dimples and a very thin layer of gold placed on top of the third
polysilicon layer. (Mehregany and Dewa, 1993)

2.2.2 Die Release Process
During the final etching or die release process to remove the oxide layers, the
micromechanisms get pulled down to the substrate and stick. This is called stiction or
sticking friction. Several adhesion mechanisms have been pointed to as the cause of stiction
including van der Waals forces, liquid bridging, solid bridging, and hydrogen bridging. The
exact adhesion mechanism or combination of mechanisms which cause stiction is still
under dispute. However, it is known that when releasing micromechanisms, the capillary
action from the Laplace and surface tension forces of an evaporating liquid tend to pull the
structures down to the substrate. It is this pull which allows the micromechanisms to come
into contact with the substrate. Once in contact, the molecular forces cause them to weld.
(Abe et al., 1995)
Several micromechanism release techniques have been developed to combat this
stiction problem. The basic release procedure is the standard drying release. In this release,
fluids continually replace fluids until the oxide is etched away and the final liquid is
allowed to evaporate at room temperature. It is the capillary forces of the drying final liquid
which leads to stiction.
Figure 2-6 illustrates the three different possible pathways which could be used in
release processes. One release technique used to prevent stiction is critical point drying as
shown as path A. For this process the standard drying release is followed, but the final
liquid is replaced by a critical drying agent. To do this, the micromechanisms are placed
Background
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FIGURE 2-6: Phase diagram of water (not drawn to scale). The lines S, F, and V are
the equilibrium sublimation, fusion, and vaporization curves. The shaded region is
the area not in thermodynamic equilibrium. Liquid water in the shaded region is
supercooled, superheated, or both. Pathways A, B, and C illustrate the three
possible release processes: critical point drying, rapid high temperature drying, and
sublimation drying, respectively.

into a chamber where the liquid is gradually replaced by the drying agent. The pressure and
temperature are then increased above the critical point of the drying liquid. By going above
the critical point, the change of the liquid into gas bypasses the capillary force from a drying
liquid which initiates stiction.
Another alternative technique is a high temperature drying of the final rinse liquid,
as shown in Figure 2-6 as pathway B. Initially, this release follows the same etching
procedure as the standard release. The difference is that the final liquid is quickly evaporated at an elevated temperature. This quick high temperature drying causes the rinse liquid
to become unstable by not allowing the liquid to reach thermodynamic equilibrium. This
type of change causes a decrease in the surface tension. It is this decrease in surface tension
which reduces the amount of stiction. (Abe et al., 1995)

14
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The solid-vapor phase change, a sublimation process, or path C in Figure 2-6 is a
possibility, but presents some difficult challenges. One challenge comes from encasing the
entire structure in a solid that can undergo sublimation. The next challenge is causing the
solid to undergo sublimation without destroying the micromechanisms. A final challenge
is doing the entire process at a reasonable cost on a large scale. (Abe et al., 1995)
Other ideas have been developed to combat the stiction problem. One such release
technique is the Self-Assembling Monolayer (SAM) release. The SAM release starts by
following a basic etch release. Then the process has steps which chemically coats the entire
surface with a low surface energy organic film. This film causes the substrate and
polysilicon layers to repel each other when the release liquid is removed. The low energy
film reduces the adhesion and serves as a boundary lubricant. (Srinivasan, 1998)

2.2.3 Design Constraints
Problems exist for micromechanism designs consisting of multiple layers. For
processes such as surface micromachining, the additional layers become uneven from the
different patterns in the previously deposited oxide and polysilicon layers. The complexity
of this problem is manifest in systems where alignment or contact between mechanisms is
critical. This problem can be overcome by depositing an oxide layer and polishing the
surface smooth, but this is an additional step and it is expensive.
Cost is another issue for multiple layer designs. Additional layers allow for more
complex designs, but at the same time increase the number of layering and removal process
steps. A large increase in steps occurs for each additional layer and hence, the cost and
complexity of the process increases.
Background
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The design rules of the fabrication process present constraints. These design rules
are set up which define the minimum feature size and space for a level. They also include
overlap and spacing rules between relevant levels. Violation of these rules results in
oversized, undersized, missing, or fused features. The design rules come directly from the
resolution and alignment capabilities of the lithography system. The overall stability of the
process controls the minimum feature size and spacing rules. (Mehregany and Dewa, 1993)
Additional constraints come directly from the micro size of the device. The
maximum size of movable structures is limited by the amount of actuation force available
to overcome stiction. Structures are also constrained by the layer thickness. Each layer has
a defined thickness that is set by the process. Another constraint is that most fabrication
processes have been kept to a minimum number of layers. This limits the number and
complexity of the designs.
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CHAPTER 3

A Review of MEMS
Thermal Microactuators

Before discussing the thermal microactuators studied, a review of the different
types of MEMS devices that use thermal expansion is presented. MEMS devices are found
in several applications including micromotors, microbeams, micropin joints, microgrippers, microprobes, air bag sensors, microcombs, micro optical mirrors, microcillia,
pressure microsensors, microflaps, microcoils, microvalves, micromotion sensors, steam
microengines, and micro gear trains. This chapter covers a brief sample of the various
microvalves, micropumps, and microactuators which use thermal energy.

3.1 Microvalves and Micropumps
Phillip Barth et al. (1994) designed a bimetallic microvalve for use in analytical
instrumentation. Historically, such valves have been solenoid actuated. However, this
valve uses a radial array of bimetallic legs of plated nickel on single-crystal silicon. These
legs use thermal expansion to control the open position of the valve. Typical applications
for this valve would include gas chromatography systems or other gas-phase applications.
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Another thermally driven microvalve was developed which uses the buckling effect
of beams. A silicon bridge structure is heated causing its members to expand and buckle.
The amount of heat controlled the amount of buckling which determined the position of the
microvalve. This microvalve was used to control high flow rates. The microvalve has a
short switching time and went over two million cycles with no observable degradation in
the material or in the position control of the valve. (Linsec et al., 1994)

3.2 Microactuators
Microactuators that can be fabricated reliably and produce large forces with accompanying large displacements are needed for many emerging MEMS applications.

3.2.1 Phase Change Microactuators
A thermally driven phase-change microactuator which produced large displacements was developed. This microactuator consisted of an enclosed pressure cavity partially
filled with a working fluid such as methanol. Inside the pressure cavity was an elevated
silicon grid matrix heating element. A current was passed through the heating element and
raised the pressure in the cavity. The pressure dramatically increased as the working fluid
underwent its liquid-vapor phase change. The pressure from the working fluid deflected a
thin flexible member at the top of the cavity, producing the actuation. (Bergstrom et al.,
1995)
Another phase change microactuator was developed for use in endoscopic surgery.
This cylinder-piston-type microactuator used the thermal expansion of paraffin from its
solid to liquid phase. By using the temperatures achieved in the body as the source of
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T 1 < T 2

T 1

T 2

A

B

FIGURE 3-1: A simple bimetallic actuator. Diagram A shows the actuator at its initial
position. Diagram B shows the actuator experiencing an increase in temperature. The
light colored material shown on the right has the larger coefficient of thermal
expansion which causes the actuator to bend to the left.

thermal energy, it was reported that a pressure of over 20 MPa, and a volume ratio increase
of 10% were achieved. This device was used to remove deposits off of artery walls, enlarge
openings, and to position and manipulate surgical instruments. (Kabei et al., 1997)

3.2.2 Bimetallic Microactuators
Bimetallic microactuators have been used in macro applications. A common
example is the bimetallic actuator found in home thermostats. The idea behind bimetallic
actuation is to connect two materials with different coefficients of thermal expansion. An
example is shown in Figure 3-1. When the system undergoes a temperature change, both of
the materials expand. However, the two materials elongate different amounts. The
difference in the amount of expansion causes the system to bend as shown in Figure 3-1.
Several studies have been conducted which predict how the bimetallic cantilevers will
perform. Other research includes ideas on how to use such a bending motion.
A simple thin film metallization can be used to produce bimetallic microactuators.
One study reported the properties of eleven different types of films for bimetallic microacA Review of MEMS Thermal Microactuators
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tuators. The films studied included nickel, copper, titanium, manganese, and aluminum
alloys. It was found that an Al3Ti film performed well at elevated temperatures and had the
best material properties including little to no stress relaxation under various conditions. It
is the mechanical properties of the materials used in cantilevers which determine their
performance and reliability. (Gorrell et al., 1998)
Another variation in the study of bimetallic cantilever microactuator designs
focused on testing micro cantilever beams made of various combinations of CMOS
materials at a commercial foundry. The amount of curl produced by the various beams was
measured. The results of the beams were compared to a prediction based upon a sandwich
of two materials with different coefficients of thermal expansion. The study showed that
the results of the two were different. The amount of deviation from the theory depended
upon the material and size. This was hypothesized that at the micro level there is a greater
dependency upon the material properties, such as grain boundaries, than the equations take
into account. An additional component of the testing showed that the beams continued to
operate elastically over two and a half million cycles and showed no change in their
deflection behavior. (Read et al., 1995)
With such information available on the designs of bimetallic microactuators,
several methods evolved on how to use these beams to actuate other devices. One such use
included lining up several bimorph cantilever beams into a ciliary motion system. The
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Direction of Motion

FIGURE 3-2: A representation of the ciliary motion produced to move a particle by
actuating a series of bimetallic cantilever microactuators (Takeshima and Fujita,
1991).

system contained several cantilevers lined up to form channels. The cantilevers were
actuated along the sides of the channels in a rolling pattern. This rolling pattern would push
objects along as shown in Figure 3-2. For bi-directional motion in the channel the cantilevers on different walls would face different directions and the appropriate side activated
for the desired direction. (Takeshima and Fujita, 1991)
Another study presented a different twist to using cantilevers for motion. In this
design several cantilevers were combined in series. This layering of beam on beam formed
a larger cantilever beam. This larger bimetallic microactuator had the advantage of larger
displacements with the amount of displacement being controlled by the number of smaller
beams connected together. (Yasuda et al., 1997)

3.2.3 Single Material Thermal Microactuators
A single material thermal microactuator similar to the designs presented in this
research was reported by Comtois and Bright (1995). Their thermally-driven beam flexure
actuator, heat drive actuator, or ‘heatuator’ was a simple compliant design which amplified
the motion from the thermal expansion of a single material. This actuator was made out of
A Review of MEMS Thermal Microactuators
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FIGURE 3-3: The flexure actuator, heat drive actuator, or ‘heatuator’ designed by
Comtois and Bright (1995).

polysilicon and fabricated using a surface micromachining process. The ‘heatuator’ was
composed of a thin and thick member as shown in Figure 3-3. The thermal microactuators
studied were different in that some of them were bi-directional and some produced a
different type of deflection such as rotational.
The theory behind this thermal microactuator design is similar to bimetallic microactuators. The basic idea of having two layers each with a different elongation from thermal
expansion is the same for both. The differences are that the variation in the thermal
expansion is caused by a change in cross-sectional area instead of a difference in materials,
a current was applied instead of a temperature difference, and the two layers are not
sandwiched together.
Several of the ‘heatuators’ were also combined to form arrays that were connected
into systems, including a rotary stepper motor (Comtois and Bright, 1996), and as
positioners for micro-optical components (Reid et al., 1996a). A simple force tester of a
beam with changing cross sectional area was designed and used to estimate the force
produced by the ‘heatuator’ (Reid et al, 1996b).
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Failure modes for single material microactuators have also been investigated. It was
shown that at high power levels the thermal microactuators got hot enough to emit visible
radiation, and began to plastically deform. This changed the rest position of the microactuator, and was labeled “backbending” (Comtois and Bright, 1995).
Another cause of failure came in the form of surface adhesion. When the microactuators operated above a specific voltage they failed by adhering to the substrate. The
important results from this testing showed that if the power was kept low, the thermal
microactuators were cycled over ten million times without cycle failure. (Conant and
Muller, 1998)

3.2.4 Other Thermal Microactuators
Other similar thermal expansion devices include those activated using resistive
heating. This group includes devices which are heated by external sources. One advantage
of heating by external sources is that it enables noncontact thermal energy to be supplied
by remote operation. This is imperative for devices operating in special environments such
as vacuums. The basic design of these actuators is simple and they are usually actuated by
focusing the energy directly onto the actuating parts or by having mirrored surfaces which
reflect the energy input to the actuating part. These types of microactuators were used for
positioning. (Ohmichi et al., 1997 and Yamagata et al., 1994)

3.3 Thermal-Electrical Microactuator Simulation
MEMS achieve their function by an interplay of different physical phenomenon.
Numerical simulation is often needed to reveal details of the device’s operation and critical
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technology parameters. Funk et al. (1996) simulated 3D bimetallic microactuators. Their
model coupled thermal and electrical equations to predict the microactuators deflection.
The algorithm combined the nonlinearities of the temperature dependence with electrical
and thermal conductivity. It also included code to account for some geometrical nonlinearities.
Another stride in the development of microactuator simulation was achieved by
Butler and Bright (1998). They developed an electrothermal model for thermal microactuators. Their model combined a knowledge of key material properties such as polysilicon
resistivity with an electrical circuit simulator to improve the simultaneous analysis of
MEMS and microelectronic systems.

3.4 Other Devices
Recent MEMS developments have lead to a wide variety of devices at the
microlevel. One of the many creative devices which used thermal expansion included a pair
of microtweezers. The microtweezer design was based on bimetallic actuation. One of the
two arms forming the microtweezers was made of a heavily boron-doped silicon. The other
arm was made of a layer of heavily boron-doped silicon followed by an electrical isolation
layer of silicon dioxide with the gold/chromium heating layer on top. The microtweezers
operated using an electrical current. The microtweezers were initially open. When the
current was applied the bimetallic arm actuated and closed the tip. When the current was
removed the temperature in the bimetallic arm drops causing the contraction which opened
the tip. (Chu and Mehregany, 1994)
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Another pair of microtweezers were fabricated which used kinematic flexures as
well as thermal expansion to move both of the micro-tweezer’s arm. The applications for
both of these microtweezers included microassembly of gears, lifting cylinders or flat
plates, and positioning beams. (Keller and Howe, 1996)
For most applications which use thermal expansion, caution has been taken to
ensure that plastic deformation does not occur from the applied current. However, there are
devices which use the reshaping from plastic deformation. The microactuated self-assembling of 3D polysilicon structures are examples. Such structures are designed by having a
Scratch Drive Actuator (SDA) or other actuator built in as part of the design. To assemble
the structure the actuator moved causing the other members of the structure to change
position and strategically placed beams to buckle. When the structure was in the correct
position, a current applied the resistive heating needed to cause the permanent plastic deformation of some of the beams. When the current was removed, the 3D structure was
obtained. (Fukuta et al., 1997)
Bistable mechanical switches represent another type of MEMS device. One bistable
mechanical switch used both the force of a buckling cantilever beam and a tension band to
change the switch position. The switches were made by a combination of surface and bulk
micromachining. The microswitch was made of two polysilicon layers with a layer of
silicon dioxide electrically isolating them. The beam was initially deflected down into its
first switch position. Then using the various expansion rates of the different bars, the
electrical resistance heating applied to the beam caused it to buckle giving rise to the
snapping action. Hence, the mechanism snapped to the other side. (Matoba et al., 1994)
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Another microswitch used a bistable mechanism to produce the two different switch
positions. The switch was fabricated in the open position. Two rotary beams were pushed
which caused the bistable mechanism to move toward its second stable position. The
bistable mechanism was stopped before its second stable position. The remaining spring
force from the bistable action was used to hold the contact shut. (Kruglick and Pister, 1998)
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CHAPTER 4

Experimentation

The deflections of the thermal microactuators were measured as part of this
research. This chapter covers the fabrication, experiment setup, error analysis, and the
different methods used to calculate the force from a measured deflection.

4.1 Fabrication of the Devices
The thermal microactuators were designed using a simple 2-D CAD package (LEdit). These designs were fabricated using a surface micromachining process (MUMPs
now operated by Cronos, a subsidiary of MCNC). The surface micromachining process
built the thermal microactuators out of two layers of polysilicon, and a thin gold metal
layer. The microactuators were shipped and arrived on 1 cm x 1 cm dice. The dice
contained the microactuators encased in PSG (phosphosilicate glass or oxide) with a
protective scratch coating of photoresist. A die was taken from the group and a release or
final etching process was performed. This release removed the photoresist and oxide
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FIGURE 4-1: Equipment setup.

coating which encased the thermal microactuators. With the removal of the oxide the
thermal microactuators were ready to be tested.

4.2 Experiment Setup
The equipment setup is shown in Figure 4-1. To test the thermal microactuators, the
die was mounted to a wafer and viewed under an optical microscope. A signal generator
was connected to microprobes which were placed on the contact pads of the thermal microactuators. The signal generator used was a Hewlett Packard Model 4145A Semiconductor
Parameter Analyzer. The analyzer produced the input current and measured the resulting
voltage. The resolution of the analyzer for various current input ranges is shown in Table 41. The analyzer was capable of producing a 10 ms to 10 s input source. The input sequence

28

Experimentation

was executed and the input currents and resulting voltages were recorded off of the
analyzer. Initially, the output data were recorded by hand. However, this process was
improved by establishing an interface between the signal generator and computer, and the
data were sent directly to the computer.
When the signal generator sent a current to the thermal microactuators, they
deflected. Initially, a camera recorded the images onto a video tape, and motion analysis
software (Optimas) was used to select individual frames from the video tape. The software
measured the deflection of the thermal microactuators by tracing a point between frames.
Later, the system was improved by connecting the camera directly into the motion analysis
software. After the measurements of the deflections were collected, these data were
combined with the current and voltage readings from the signal generator and analyzed.

4.3 Environmental Error
The amount of variation in the data caused by stiction was considered one environmental error of concern. Stiction is the term for the forces attracted the structures to the
substrate and caused them to stick. Many variables affect stiction including humidity,
temperature, the type of release, how well the release was performed, and the time from the
release to the testing. To reduce the effects of this error several different types of releases
were tried. The releases that showed the less problems from stiction were used and

TABLE 4-1: Resolution for various current ranges.
Current Range
Resolution

Experimentation

100 µA
100 nA

1 mA
1 µA

10 mA
10 µA

100 mA
100 µA
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performed by experienced personnel. To reduce the time effects of stiction the thermal
microactuators were tested close to the completion of the die release.
Another environmental error of concern was the effect of particle contamination of
the die. To reduce this contamination, the die release process and testing were done in a
class ten clean room. A class ten clean room indicates that there are only ten particles larger
than one micron in every cubic foot of air.

4.4 Pixel Error
The motion analysis of the video images introduced error into the data. When the
images were put into the motion analysis software, the position of the microactuators were
determined by tracing the location of the microactuator from one frame to another. The
tracing was done by selecting the pixel where the point traced was in one frame and then
selecting the pixel of where the point was in the next frame. The software provided the
change in distance between the two pixels selected. Therefore, the error associated with the
tracing of the point varied with the size of the pixel. The size of the pixel was determined
by the magnification of the optical microscope, and the pixel error was as large as the size
of a pixel at that magnification. The size of the pixel width for the various magnifications
is shown in Table 4-2. As explained, the table shows a reduction in the error occurred for
increasing magnification. The data for this research were collected at magnifications
between 50x to 100x, depending upon the size of the thermal microactuator. Therefore, the
errors on the deflection readings were below 0.4 µm. The effect that this type of error had
on the displacement and force measurements will be discussed later.
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4.5 Force
Two different types of force measurement methods were used to determine the
force produced by the various thermal microactuators. The first method measured the
deflection of parallel-guiding micromechanisms. The second involved measuring the
deflection of simple rectangular cantilever beams. These deflection methods are based on
macro scale theories. These two methods are discussed next, followed by a review of the
error in the force measurement caused by the pixel error.
The fabrication process used to build the thermal microactuators does not allow the
beams or parallel-guiding micromechanisms to be fabricated any closer than three microns
from the microactuators. Hence, the deflected distance of the beams and parallel-guiding
micromechanisms was three micrometers less than the total deflection of the microactuator.

4.5.1 Parallel-Guiding Micromechanism Method
Parallel-guiding mechanisms are mechanisms in which the two opposing links
remain parallel throughout the mechanism’s motion. Figure 4-2 shows several types of
parallel-guiding mechanisms. As shown, some of these mechanisms are simple four-bars

TABLE 4-2: Pixel width for various
magnifications.
Magnification
8x
25 x
50 x
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Pixel Width
(micron)
2.52
0.797
0.389
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FIGURE 4-2: Parallel-guiding mechanisms.

δ
F p a r a ll e l

L
Θ

(a )

Θ

(b )

(c)

FIGURE 4-3: Undeflected and deflected parallel-guiding mechanisms.

while others are compliant mechanisms (i.e. no pin joints). All of these mechanisms have
opposing links with the same length and form a parallelogram. In order to be used to test
the force of the thermal microactuators, the parallel-guiding micromechanisms had to be
fully compliant. Figure 4-3 shows an (a) undeflected and (b) deflected compliant parallelguiding mechanism, and (c) the pseudo-rigid-body model of the mechanism. The force
required to deflect the fully compliant parallel-guiding mechanism is determined from the
pseudo-rigid-body model (Figure 3-19c).
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FIGURE 4-4: Schematic of beam being deflected.

Fparallel = 8 KΘ E I (Θ-Θo)/(L2 Sin Θ)

(1)

where KΘ is the stiffness coefficient (approximately equal to 2.65), Θ is the final angle as
if it were a rigid parallel micromechanism, Θo is the original angle, L is the length of the
compliant segment, I is its moment of inertia, and E is the modulus of elasticity. (Derderian
et al., 1996)

4.5.2 Beam Method
When using the deflection of beams to measure force, a small ratio of deflection (δ)
to beam length (L) allowing the linearized small-deflection beam equations to be used. A
simple diagram of a beam undergoing a deflection is shown in Figure 4-4. The basic
equation relating the amount of force needed to deflect a beam is
Fbeam= 3 δEI / L3

(2)

where L is the length of the beam, δ is the deflected distance, I is its moment of inertia, and
E is the modulus of elasticity.
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4.5.3 Force Error
In examining the force data on the thermal microactuators, it is important to realize
the error associated with the measurements. The pixel error was the size of the pixel or the
smallest distance distinguishable to the motion analysis software. The size of the error was
placed into the force equations previously discussed and the error in the force results was
calculated. Table 4-3 shows the amount of variation in the force measurements from the
parallel-guiding micromechanisms. Table 4-4 shows the error associated with the various
beams used to measure the force
As shown by these tables the decrease in the size of the beam or parallel-guiding
micromechanism leads to a greater error in the force estimates. Therefore, by using these
methods the thermal microactuators that produce the greater force will show the largest
range of error.
Additional error to the force estimates came from the equations used to calculate the
force. Both of these equations are based on the modulus of elasticity, E, which is known to
vary at the microscale. This would add uncertainty to the force calculations along with any

TABLE 4-3: Force error by parallel-guided micromechanism length.
Mechanism Length (µm)
Force Error (µN)

50
53.2

75
15.8

100
6.65

125
3.41

TABLE 4-4: Force error by beam length.
Beam Length (µm)
Force Error (µN)
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35
37.4

45
17.6

50
12.8

55
9.64

60
7.42

70
4.67
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variations in the dimension of the microstructures. The error reported with each thermal
microactuator group was the error or spread in the measured data.

4.6 Response Time
To integrate thermal microactuators into systems which ratchet gears, move valves
or switches, it is important to know their cycle response time. A high speed camera was
attached to the optical microscope and used to record the motion of the thermal microactuators. The high speed camera recorded images at 1,000 frames per second. The setup of the
system had the camera connected to the signal generator. When the signal generator sent
the current to deflect the microactuators, it also provided the high speed camera with a
trigger voltage.
For both the heating and cooling cycles, all of the thermal microactuators were
shown deflected or returned to their initial positions within two frames. This indicates that
the reaction time for both the heating and cooling cycles is below two milliseconds. This
makes the complete cycle time under four milliseconds.

4.7 Cycle Life
Many thermal microactuator researchers have reported cycle lifetimes of over a
million cycles including Linsec et al. (1994), Read et al. (1995), and Conant and Muller
(1998). Conant and Muller specifically studied the cycle fatigue life of single material
thermal microactuators. To verify that the same results would occur for these thermal
microactuators, a fatigue test was conducted. This test subjected several of the thermal
microactuators to over a million heating and cooling cycles. The results agreed with the

Experimentation

35

studies and showed that the thermal microactuators did not fail as long as the current placed
on the thermal microactuators was below the level where a change in the material properties
occurred. However, when there was visible charring of the thin flexible members, the
lifetime of the microactuators greatly decreased.
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CHAPTER 5

Thermal Expansion Device
(TED and Bi-TED)

This chapter covers the Thermal Expansion Device (TED) and the Bi-directional
Thermal Expansion Device (Bi-TED) (Cragun and Howell, 1998). It includes a brief
description of the microactuators and the results from the testing.

5.1 Thermal Expansion Device (TED)
5.1.1 Description of TED
The thermal expansion device (TED) is shown in Figure 5-1. The TED is composed
of two electrical contact pads, two thin thermal expansion members, and one larger rigid
member. When a current is applied at the contact pads, the thin members heat up and
expand more than the larger rigid member. To accommodate this difference in expansion,
the thin (hot) members deflect moving the rigid member.
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FIGURE 5-1: Thermal Expansion Device (TED).
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FIGURE 5-2: Basic design of TED.

5.1.2 Dimensions of TED
Figure 5-2 shows a basic schematic of the design. The two thin (hot) members are
offset by a distance yoffset. The yoffset was one of the varied parameters with values of 3, 5,
7, and 10 microns. Another varied parameter was the width of the (hot) member, whot = 2
or 3 µm. The TEDs other dimensions are shown in Figure 5-2, and the out-of-plane
thickness was 3.5 µm. The displacements were measured where the thin members joined
the larger rigid member. In Figure 5-2 the point labeled one is referred to as the left side
while point two represents the right side of the TED.
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FIGURE 5-3: TED undergoing a rotational displacement.

FIGURE 5-4: TED undergoing a vertical displacement.

5.1.3 Deflected Form of TED
TEDs have two different deflection modes. The deflected mode that the TED
assumed depended upon the yoffset between the two thin members. When the yoffset was
three microns or greater, the reaction forces of the two thin expanding members created a
moment. This moment caused the TED to rotate in a clockwise direction as illustrated in
Figure 5-3. When there was no yoffset between the two thin members, or when this offset
was less than three microns, the TED went into a different deflected form. Instead of
rotating, the TED underwent a vertical displacement as illustrated in Figure 5-4.
Depending up the dimensions of the TED, other possible deflection modes were
possible. A sample of these modes are shown in Figure 5-5. Modes A and B occur when
one of the thermal members was allowed to expand horizontally out while the other side
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FIGURE 5-5: Other possible modes of the thin members.
was shifted to accommodate that expansion. This occurred when a block or other object
inhibited vertical movement on one side. Mode C was similar to the translational mode that
occurred when the yoffset was small. In this mode something inhibited up deflections so the
members deflected down. Mode D represents the deflections of the thin thermal members
when the rigid (cold) member will not move due to stiction or from not being released fully.
This mode is a high-energy mode and will not occur under any other conditions. Modes A
and C were observed. However, they are not yet well understood, predictable, or consistent;
therefore, there is no information on what magnitude of displacements result from these
modes or how they compare to the other modes as described earlier.

5.1.4 TED Results
5.1.4.1 Description of TED ParametersThree parameters were varied when testing a TED. The first two include the thin
member thickness and the yoffset between the thin members. Both of these parameters have
already been discussed. The third parameter varied was the input current. TED was tested
with input currents of 4, 5, 6, 7, and 8 mA.
At a current of 7 mA the thin (hot) members have a slight glow. This glow was
associated with a change in the material properties and was characterized by a visible
charring of the thermal members. In addition, a small change in the resistance occurred
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after several cycles. At 8 mA the thin (hot) members glowed and maintained a permanently
deformed shape when the current was removed. As expected, the maximum displacements
measured were obtained around 8 mA. However, when the thin (hot) members were
subjected to repeated impulses at this current, they charred and eventually burned out.

5.1.4.2 TED Deflection DataThe TEDs are identified by the yoffset distance and the width of the thin members.
As examples, TED 5 identifies the TED with yoffset=5 µm and whot = 3 µm. TED 7.2 is a
TED with a yoffset=7 µm and whot = 2 µm.
The amount of displacement in the horizontal direction was very small when
compared to the vertical deflection. Therefore, the values of the deflections reported are
those in the vertical direction.
A model of the TED was created in a finite element analysis (FEA) software
(Ansys). The deflections for the different offsets at various temperatures were obtained, and
are graphed in Figure 5-6. The graph shows that smaller offset between the two thin
members will produce the greatest deflection.
The power required for the TEDs undergoing rotational displacements was
measured and plotted in Figure 5-7. These graphs show that the power required for the
different offsets was approximately the same except for the TED with a 3.2 µm offset. This
TED has a larger power required due to the transition between the two different modes of
displacement as previously discussed.
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FIGURE 5-6: Finite element analysis model of the deflection for different offsets of
the left side as a function of increasing temperature difference.
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FIGURE 5-7: Power for given deflection for different offsets for two and three micron
thin member widths.
The TED’s deflections for different offsets for the left and right sides are shown in
Figure 5-8. Figure 5-8 shows the right side displacements were negative, indicating that it
moved in the opposite direction to the left side. This was expected because of the rotational
motion.
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FIGURE 5-8: TED left side and right side deflections at various offsets and currents.
Each of the data point shown was the average of a larger set. Each of the deflection
points represents the average of a minimum of three data sets of three data points each. The
maximum error for this data set was + 0.5 µm.
The TEDs show that a larger current produced a higher temperature and, hence,
greater deflections. Another effect shown is that the larger increments of current created a
smaller increase in deflection. This is attributed to the negative temperature coefficient of
silicon discussed earlier. Comparing the values of the left and right side displacements, it
was shown that the absolute value of the right side displacements are less than those of the
left except at a yoffset of 3 µm. The TED with a 3 µm offset started to show the transition
between the two different deflection modes.

5.2 Bi-directional Thermal Expansion Device (Bi-TED)
5.2.1 Description of Bi-TED
Each TED had one deflected form which rotated in one direction. To remove this
limitation a Bi-directional Thermal Expansion Device (Bi-TED) was developed and tested.
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FIGURE 5-9: Bi-TED.

This Bi-TED is shown in Figure 5-9. For the Bi-TED, the current was applied between the
bottom electrical contact pad and either the left or right upper contact pad depending upon
the desired direction of the rotation. When the current was applied between the upper left
and bottom contact pad the left side of the rigid member deflected up. Similar motion
occurs for the right side when the current was applied between the upper right and bottom
electrical contact pads.

5.2.2 Dimensions of Bi-TED
The dimensions of the Bi-TED were similar to those for TED and are shown in
Figure 5-10. The out-of-plane thickness was 3.5 µm. The displacements obtained during
testing were measured at the intersection of the thin members with the rigid member similar
to the points measured for the TEDs.
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FIGURE 5-10: Basic design of Bi-TED.

5.2.3 Deflected Form of Bi-TED
The deflection mode for the Bi-TED is similar to that of the TED. One of the side
members was constrained from expanding straight out and bent to accommodate its
expansion. The difference came with the central thin member. As shown in Figure 5-9 this
member was not constrained as either of the side members. Instead it expanded out against
the rigid member.

5.2.4 Bi-TED Results
5.2.4.1 Description of Bi-TED ParametersWhen testing Bi-TEDs, the input current was the varied parameter. The Bi-TED
was tested with input currents of 5, 6, 7, and 8 mA. At these current levels, the Bi-TEDs
showed little to no permanent deformation after the current was removed.
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FIGURE 5-11: Current and power versus deflection curves for Bi-TED.

5.2.4.2 Bi-TED Deflection DataEach data point shown is an average of a minimum of three data sets of two data
points each. The maximum error for this data set was + 0.6 µm.
Figure 5-11 shows both the current and power versus deflection curves for the BiTED. Due to the symmetry of the Bi-TED, both sides showed equivalent curves. The
maximum deflection was about six micron in each direction at the highest current. This was
not as large as the single direction TEDs. This was because the Bi-TEDs have one thermal
expansion member contributing to the rotational displacement.
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CHAPTER 6

Thermomechanical Inplane Microactuator (TIM)

This chapter introduces the Thermomechanical In-plane Microactuator (TIM). It
includes a description of the TIMs as well as finite element and experimental results of the
displacement and force characterization.

6.1 Description of TIM
Several different varieties of TIMs are shown in Figure 6-1. The basic TIM design
has two electrical contact pads anchored to the substrate, a movable shuttle, and various
number of thin, thermal expansion members. When a current is passed between the two
contact pads, the thin members, or legs, expand causing the shuttle to undergo a linear
deflection.

6.2 Dimensions of TIM
Figure 6-2 shows the schematic diagram of a TIM with varied parameters. Sixteen
different configurations of TIMs were built and tested. Table 6-1 shows the values of the
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FIGURE 6-1: Thermomechanical In-plane Microactuators (TIM). (a) A 16 TIM with
flexible beams at the output to obtain an estimate of the output force. (b) A 4L TIM,
(c) 8 TIM shown pushing a parallel mechanism, and (d) a 4S TIM.

FIGURE 6-2: Dimensioned schematic of TIM.
varied TIM parameters. The TIM groups were identified by their number of expansion
members or legs. TIMs with sixteen legs are labeled 16 TIM and those with eight legs are
labeled 8 TIM. These are shown in Figure 6-1 (a) and (c), respectively. Two groups have
four expansion members. To distinguish them, one was labeled 4S to represent the TIM
with the shorter center shuttle (93 µm x 50 µm) and is shown in Figure 6-1 (d). The other
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group was labeled 4L due to its longer center shuttle (300 µm x 50 µm). A 4L TIM is shown
in Figure 6-1 (b). Each TIM group was tested at currents where there was little to no visible
permanent deformation. The values of the applied current are listed in Table 6-1. All of the
TIMs tested had an out-of-plane thickness of 3.5 µm.

6.3 TIM Deflection
6.3.1 Deflected Form
The deflection mode of the TIM was determined by the geometry. The thin
members were 3 µm wide and 3.5 µm thick. The width was designed to be less than the
thickness to ensure that the TIMs would deflect in-plane. To control the direction of the inplane deflection, the thin members were fabricated at a small angle. This initial angle was
formed by moving one end of each leg to an offset of at least 3 µm in the desired direction.
This offset is shown in Figure 6-3.With this offset, the deflected mode of the TIM is illustrated in Figure 6-4.

.
TABLE 6-1: Variations in the TIM dimensions and applied current.
Name
4S TIM
4L TIM
8 TIM
16 TIM

Number
of Legs
4
4
8
16

PL x PW
(micron)
90 x 48
284 x 56
90 x 48
284 x 56

SL x SW
(micron)
93 x 50
300 x 50
93 x 50
300 x 50

Expansion member
lengths, L (micron)
150, 200, 250, 300
150, 200, 250, 300
150, 200, 250, 300
150, 200, 250, 300
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Current (mA)
7, 8, 9, 10
6, 7, 8, 9
8, 12, 16, 20
12, 20, 28, 36
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Leg
Length

Offset

FIGURE 6-3: Offset and leg lengths for TIMs.

FIGURE 6-4: TIM undergoing a linear displacement.

6.3.2 Finite Element Results—Deflection
A single leg of the TIM was modeled in a finite element analysis software package
(ANSYS) capable of nonlinear analysis. This model was used to predict the displacement
of various leg lengths at a given temperature difference. The Young’s modulus and thermal
expansion coefficient were 1.69 x 1012 Pa and 2.33 x 10-6/EC, respectively. The resulting
curves in Figure 6-5 show that the TIMs with longer legs are capable of larger deflections.
It also shows that these deflections are nonlinear with temperature. This is partially due to
the large, nonlinear deflections of the expansion members. When no external load is
applied, the deflection is the same for a given temperature difference regardless of the
number of legs.
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FIGURE 6-5: TIM temperature versus displacement. (FEA Model)
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FIGURE 6-6: Deflection curves for 4S TIMs.(Measured)

6.3.3 Experimental Results—Deflection
The TIMs were fabricated and tested. Each data point shown in the following
figures represents the average of a minimum of three data sets of three data points each. The
maximum error of these data sets was + 0.5 µm.
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FIGURE 6-7: Deflection curves for 4L TIMs. (Measured)
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FIGURE 6-8: Deflection curves for 8 TIMs. (Measured)

The graphs in Figure 6-6 through Figure 6-9 show the deflection achieved for the
various TIMs tested. Each figure shows the deflection versus current input or power for one
of the four groups tested.
When comparing the TIM deflection data to the model in Figure 6-5, all of the
groups of TIMs showed approximately the same amount of deflection for a given leg
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FIGURE 6-9: Deflection curves for 16 TIMs. (Measured)

length. In addition, the deflection versus power graphs showed similar curves to those in
Figure 6-5. Finally, the graphs show that the amount of deflection is determined by the
current and length of the legs, not by the number of legs. This is because the longer legs
have a greater expansion causing more deflection than the smaller legs for the same temperature difference. Whereas, the number of legs determines the output force.

6.4 TIM Force
6.4.1 Finite Element Results—Force
Another model of a single leg was created to predict the trends in the output force.
Three parameters were varied, namely the temperature difference, length of the leg, and the
deflected distance when the force was measured. The deflected distance was the amount of
deflection the leg had before a reaction force was applied that inhibited further movement
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Deflected
Distance

F

FIGURE 6-10: Diagram of the force output for one leg at a specified distance.
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FIGURE 6-11: Force versus temperature graphs for deflection distances of 4 and 10
µm. (FEA Model)
as illustrated in Figure 6-10. This reaction force is the force reported in the graphs of this
section.
Figure 6-11 shows the force for the various lengths of legs at deflection distances
of 4 and 10 µm. The graphs show that as the temperature difference increased, the TIMs
with shorter legs were able to produce larger forces, but they were limited to smaller
displacements. For a given displacement, an increase in temperature difference will cause
an increase in the output force except for those TIMs with 300 µm legs. When the legs were
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FIGURE 6-12: Buckling TIM.
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FIGURE 6-13: Force versus temperature graphs for leg lengths of 150 and 300 µm.
(FEA Model)

this long and flexible the TIM buckled and assumed a different deflected form as shown in
Figure 6-12. This led to a decreased amount of force at larger temperature differences after
the buckling had occurred.
Figure 6-13 shows the trend expected for the force versus temperature difference of the
TIMs. The trend shows that an increase in the temperature difference will cause an increase
in force for a TIM with a given length. The 300 µm leg TIMs show this trend for larger
deflection displacements. However, they buckled at deflection distances of under 4 µm.
This buckling caused the force to decrease with an increase in temperature difference.
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FIGURE 6-14: Force vs displacement graphs for temperatures of 600 and 1200 K.
(FEA Model)
Figure 6-14 shows the effect that the deflected distance had on the force. For a given
temperature difference the TIMs will have the maximum force at a particular deflection
distance depending upon the length of the legs. The longer the leg, the greater the deflection
distance was where the maximum force point occurred.
The analysis only modeled one leg. Since force is linear with the number of legs, the
actual predicted force for the TIMs is a multiple of the force for one leg.

6.4.2 Experimental Results—Force
The force generated by the deflection of each TIM was measured by both beams and
parallel-guiding micromechanisms. Figure 6-1 (a) and (c) show examples of the beams and
micromechanisms used to determine the force.
Figure 6-15 through Figure 6-17 show the average force for the various lengths of
the expansion members for the different TIM configurations. Each data point is the average
of a minimum of three data sets with four data points. Along with the average force, the
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FIGURE 6-15: Force data for 4S TIMs.(Measured)
8 TIM vs Force

8 TIM Pow er vs Force
20

Force

15

max
average

10

min
5

Force (dyne)

Force (dyne)

20

Force

15

max
10

0
100 150 200 250 300 350

average
min

5
0
100

Length (micron)

150

200

250

300

Pow er (m W)

FIGURE 6-16: Force data for 8 TIMs. (Measured)

maximum and minimum on the graphs represent the range of error for the different
measurements. As predicted by the FEA model, the smaller expansion members were
capable of producing a higher output force than those with longer expansion members at
smaller displacements. Also, the model predicted a greater force output than was measured.
This deviation was partially attributed to the measured force not being the maximum force
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FIGURE 6-17: Force data for 16 TIMs. (Measured)
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FIGURE 6-18: Comparison of the force data for TIMs by the number of expansion
members. (Measured)
possible, but the force required to deflect the beam or parallel-guiding micromechanism.
Therefore, the force measured was lower. Measuring the results of the force instead of the
actual force resulted in readings that were less than the maximum force the TIMs are
capable of producing.
Figure 6-18 shows the comparison of the amount of force for the different TIM
groups. This figure shows that the greater number of expansion members provided the
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FIGURE 6-19: The backforce for various TIM deflections (FEA Model).

greater amount of output force. However, the curve representing the 8 TIMs is lower than
expected. Evaluation of the testing process of the 8 TIM showed that the beams and parallel
micromechanisms used to measure the force were too large. This resulted in the measurements of the force that were much lower than the microactuators could produce.

6.4.3 Backforce
All of the experimental data collected considered the output force with which the
TIMs push. Another single leg FEA model was created to determine the backforce for a
single leg. The backforce is the force available when the current is removed and the TIM
moves back to its initial position. The graph in Figure 6-19 shows the result. When
comparing this graph to the output force in Figure 6-11, it is shown that this backforce was
approximately one and a half times greater. This indicates that when designing with TIMs
more force is available during the contraction. This is because the energy used to achieve
its deflected form is available to provide output force.
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6.5 Summary of TIM results
Table 6-2 shows a summary of the data obtained from the finite element model for
one leg of a TIM. The modeled leg was 3 µm wide, 3.5 µm high, and of various lengths.
Since force is linear with the number of legs, the actual predicted force for the TIMs is a
multiple of the force for one leg. An example would be a 16 TIM with 250 µm legs. This
TIM would be expected to have a backforce of 234 dyne and a maximum forward force of
144 dyne.
The advantage of TIMs is that the amount of deflection and output force can be
tailored to the application. However, there are some design considerations to be taken into
account. Smaller leg TIMs produce a greater force than those with longer legs, but they
have a smaller deflection range. TIMs with longer legs will have the greater deflections, but
they will have less force over the shorter distances than TIMs with shorter legs. In addition,
the longer leg TIMs are limited by buckling. When the TIM legs buckle the output force
decreases.

TABLE 6-2: Summary of finite element analysis model for one leg.
Leg
Length
(µm)
150
200
250
300

60

Maximum
Deflection at
∆T = 1200 (µm)
7.54
10.9
14.3
17.7

Maximum Backforce for One
Leg (dyne)
22.6
17.4
14.6
12.8

Maximum
Forward
Force (dyne)
15.3
11.3
9.03
5.55

Deflection at Maximum Forward
Force (µm)
2
4
8
10
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CHAPTER 7

Other Thermal
Microactuator Designs

This chapter covers two additional thermal microactuators. These microactuators
are the Rapid Expansion Bi-directional Actuator (REBA) and the Joint Actuating Micromechanical Expansion System (JAMES). For each of the microactuators a brief
description, actual dimensions, type of motion, and the results from the testing are given.

7.1 Rapid Expansion Bi-directional Actuator (REBA)
7.1.1 Description of REBA
Figure 7-1 shows the Rapid Expansion Bi-directional Actuator (REBA). REBA has
three electrical contact pads with four thermal expansion members. Similar to the Bi-TED,
REBA is bi-directional. When the current was applied between the upper left and center
right contact pads the whole tip moved towards the bottom. The opposite motion occurred
when the current was applied between the lower left and center right electrical contact pads.
This deflection is illustrated in Figure 7-2.
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FIGURE 7-1: Rapid Expansion Bi-directional Actuator (REBA).

7.1.2 Dimensions of REBA
The basic dimensions are shown in the schematic of Figure 7-3. The length (L) of
the four thermal expansion members was one of the varied parameters. The lengths tested
were 150, 200, 250, and 300 micron. The width of the thin members was 3 µm, and the outof-plane thickness was 3.5 µm. The displacements and force produced by REBA were
measured at the tip as shown in gray at the left of Figure 7-3.

7.1.3 Deflected Form of REBA
REBA deflects by placing a current through three of the four thin members. The
resistive heating caused the thin members to heat and expand. These members are not
allowed to expand straight out, but are geometrically constrained by the thin flexible
members on the other side. In order to allow for the expansion, the thin members bent
causing the actuation as shown in Figure 7-2.
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FIGURE 7-2: REBA undergoing an up vertical deflection.
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L

69 µ m

FIGURE 7-3: Dimensioned schematic diagram of REBA.

7.1.4 REBA Results
7.1.4.1 Description of REBA ParametersTwo parameters were varied when testing the REBAs. The first parameter was the
length of the thin members. The second parameter was the input current which had values
of 5, 6, and 7 mA. These were the currents levels where REBA showed little to no deformation after the current was removed.

Other Thermal Microactuator Designs

63

REBA Deflection vs Current
Leg Length
(micron)

10
300

8

250

6

200
4

150

2
0

12
Deflection (micron)

12
Deflection (micron)

REBA Def lection vs Pow er

10

Leg Length
(micron)

8

300

6

250
200

4

150

2
0

4

5

6

7

8

Current (mA)

20

70

120

170

Pow er (mW)

FIGURE 7-4: REBA deflection versus current and power graphs.

7.1.4.2 REBA Deflection DataThe amount of displacement in the horizontal direction was very small when
compared to the vertical deflection. Therefore, the values of the deflections reported are
those in the vertical direction.
Due to the symmetry of the design, the up and down vertical displacements were
similar. The graphs in Figure 7-4 show the absolute value of the vertical displacement
against both current mand power. Each data point shown represents a minimum of three
data sets of four data points each. The maximum error for this data set was + 0.4 µm.
Figure 7-4 show that the longer leg lengths produced the greater deflection. The
graph also shows that the longer the leg the less power was required for a given deflection.
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REBA Force vs Pow er
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FIGURE 7-5: REBA force versus current and power graphs.

7.1.4.3 REBA Force DataThe force output for REBA was estimated by measuring the deflection of cantilever
beams. The force graphs are shown in Figure 7-5. As expected from the geometry
symmetry the force measured was identical for both sides.
The 150, 200, and 250 µm leg REBAs showed an increase in the amount of force
for increasing current or power. The graphs also showed an increase in force for an increase
in leg length. The 300 µm leg REBAs were the exception. They had a smaller force than
would be expected. This decrease in the amount of force is attributed to the 300 µm legs
assuming a buckled form.

7.2 Joint Actuating Micromechanical Expansion Systems (JAMES)
7.2.1 Description of JAMES
Two of the variety of different types of Joint Actuating Micromechanical Expansion
Systems (JAMES) are shown in Figure 7-6. JAMES is composed of four thin expansion
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FIGURE 7-6: JAMES designs.
members, two contact pads, and a ring or pin joint. A current is applied at the contact pads
and the thin members heat up causing the ring or pin joint to rotate as the thin expansion
members bend to accommodate their expansion.

7.2.2 Dimensions of JAMES
Figure 7-7 shows two schematic diagrams of JAMES. The JAMES in (b) is simply
an inversion of the design in (a). The varied parameters of interest were the current and
length (L) of the thin member. The lengths studied were 150, 200, 250, and 300
microns.The width of the thin members was 3 µm and the out-of-plane thickness was 3.5
µm.

7.2.3 Deflected Form of JAMES
The deflection mode of JAMES was controlled by the initial design. The thin
members were placed offset center by one micron of the ring or pin joint to set the direction
of rotation. When the thin members expand, they bent and move the ring or pin joint as
illustrated in Figure 7-8.
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FIGURE 7-7: Basic schematic of JAMES.

(a)

(b)

FIGURE 7-8: Deflected positions of JAMES.

7.2.4 JAMES Results
7.2.4.1 Description of JAMES ParametersThe JAMES inversions shown in Figure 7-7 (b) and Figure 7-8 (b) did not produce
a measurable rotation. This lack of rotation has been attributed to stiction of the outside
ring, alternate deflection modes, and small output force.
The JAMESs which actuated the pin joint were tested. For these tests, two parameters were varied. The first was the length of the thin members as was previously
mentioned. The second parameter varied was the input current. JAMES was tested with
input currents of 8, 9, and 10 mA.
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JAMES Angle vs Current
Leg Length
(micron)

10
300
8

250

6

200
150

4

Leg Length
(micron)

12
Angle (degrees)

12
Angle (degrees)

JAMES Angle vs Pow er

10
300
8

250

6

200
150

4
2

2
7

8

9

10

11

0

50

100 150 200

250

Pow er (mW)

Current (mA)

FIGURE 7-9: JAMES angle versus current and power graphs.

7.2.4.2 JAMES Deflection DataThe expected deflection was an angular rotation. Therefore, the values in the graphs
will be the number of degrees that the microactuator caused the pin joint to rotate. In this
case, the rotation was counter clockwise.
Each data point shown is an average of a minimum of two data sets of four data
points each. The maximum error for this data set was + 0.4 µm which represents a
maximum rotational error of + 0.8 degrees.
The graphs in Figure 7-9 show the angle of rotation plotted against both current and
power. The greater angle of rotation was achieved from those microactuators with the
longer expansion members, but they required more power.
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FIGURE 7-10: JAMES angle and force versus current graphs.

7.2.4.3 JAMES Force DataThe force output for JAMES was estimated by measuring the deflection of cantilever beams. The amount of deflection measured and the resulting force graphs are shown
in Figure 7-10.
The 150, 200, and 250 µm leg JAMESs showed an increase in the amount of force
for increasing current or power. The graphs also showed an increase in force for an increase
in leg length. The 300 µm leg JAMESs were the exception. They had only a slightly greater
force than the 250 µm leg JAMESs. This slight decrease in the amount of force was
attributed to the 300 µm legs assuming a different buckled form. The deflected form the
JAMES assumed was already similar to the buckled form observed for other thermal microactuators.
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CHAPTER 8

Conclusions and
Recommendations

This thesis introduced several thermal microactuator designs. It described how and
why the microactuators worked. It also tested them to determine their performance characteristics. The results from the performance tests will allow these thermal microactuators or
other similar designs to be integrated into various applications. In addition, a knowledge of
the characteristics of these microactuators and how they work allows them to be used as
models for future designs. This chapter gives a brief summary of the work presented in this
thesis and offers some recommendations for future research opportunities in this area.

8.1 Conclusions
The thermal microactuators tested have heating and cooling response times of under
two milliseconds for a cycle time of under four milliseconds. The cycle life of the thermal
microactuators varied depending upon the amount of current. When the current was kept
low the thermal microactuators deflected over a million cycles. However, when the current
was large enough to cause permanent thermal deformation, the cycle life of the thermal
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microactuators was greatly decreased, but the amount of deflection increased. Therefore, if
larger deflections are needed the same microactuator can be used, but its cycle life will be
decreased.
Five groups of thermal microactuators were designed for use in MEMs as part of
this research. These thermal microactuators were fabricated by a surface micromachining
process to ensure their future integration with their electrical counterparts. This research
has also measured the deflection and calculated the force of the groups of thermal microactuators.
A trade-off exists for thermal microactuators. At sufficient current the thermal
microactuators with longer expansion members provide more deflection, but less force.
Thermal microactuators with smaller expansion members provided more force, but they
have less deflection.

TABLE 8-1: Thermal microactuator summary table.
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TED

Main
Advantage
low power

Bi-TED

bi-directional

TIM

REBA

tailored force
and displacement
size

JAMES

rotational

Main
Disadvantage
limited deflection range
small deflection
high power
required
limited deflection
low force

Power
Required
low

Deflection
20 µm

Force
---

low

6 µm

---

high

20 µm

variable

medium

12 µm

medium

medium

8 degrees

low

Conclusions and Recommendations

A summary of the thermal microactuator groups advantages and disadvantages is
shown in Table 8-1. This summary helps identify which thermal microactuators should be
selected for various applications.
Two methods of determining the force of the thermal microactuators were
presented. The first method determined the force by measuring the deflection of parallelguiding micromechanisms. The other method used the deflection of beams to determine the
force. The results of the two methods showed similar force measurements for the same
thermal microactuators. Therefore, this correspondence of the data between the two
methods allowed for an increased confidence for the force calculations made using only
one of the methods assuming the validity of there macroscale theories at the microlevel.

8.2 Recommendations
Several areas of research remain to be explored in the continued development and
integration of thermal microactuators and in the overall development of MEMS. This
section gives some of the possible research opportunities.

8.2.1 Reduction of Power
The thermal microactuators developed are ready for integration into systems.
However, to increase the number of applications in which they are used, a further decrease
in their power consumption will be needed.
A possible way to reduce the power is to change the location of the thin thermal
expansion members within the microactuators. One way to change the position of the thin
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flexible segments would be to experiment with different types of geometric constraints.
Another possibility would be to make the microactuators smaller.

8.2.2 Integration into Systems
The thermal microactuators have been design and tested and they now need to be
integrated with other microdevices. After their integration, these devices can be combined
to form various components of larger systems for multiple applications.
Some examples of the uses for the thermal microactuators would be to move
ratchets and gears, or to position a mechanism to a specified location. Individually, they
could also be used to move a switch or move a bistable mechanism.

8.2.3 Thermal Electrical Modeling
A difficulty in modeling the thermal microactuators comes in the lack of software
that combines thermal and electrical analysis. Modeling methods have consisted of specifying various expansion rates to different segments of the microactuators and applying a
uniform temperature difference to the entire microactuator. Modeling software should be
developed which takes the amount of current available and the geometry of the microactuator and calculates the amount of resistive heating. From the amount of heating it would
predict the amount of expansion of the different segments and show the final deflected
form.

8.2.4 Future Designs
Other designs of thermal microactuators should be developed as the materials,
processes, and number of layers available for integrated circuits improve. With these
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improvements, future thermal microactuator designs could include bistable and multiple
degrees of freedom microactuators.

8.2.5 Additional Characterization
Additional characterization of the thermal microactuators would be useful. This
characterization would include their frequency response, more accurate measurement of
heating and cooling response times, and a cycle life to power correlation.

8.2.6 Temperature Measurement
Methods need to be developed which determine the temperature of the small thin
flexible segments. These methods should allow for temperature measurement at submicron
levels. With such information, improvements could be made to the designs by changing the
geometry. Such improvements would include to evening out the temperature distributions
within sections and better predictions of the elongation of materials at the microscale.

Conclusions and Recommendations
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APPENDIX A

Isotropic Volumetric
Thermal Expansion

A.1 Thermal Expansion Equations
If the temperature of a material of length L is changed by a temperature difference,
∆T, then the change in the length, ∆L, of the member is predicted by the thermal deformation equation
∆L = L α ∆T

(A.1)

where α is the coefficient of linear expansion and depends on the material and the temperature range. Similarly, the volumetric deformation equation of the expansion for solids is
∆V = V β ∆T

(A.2)

where V is the volume and β is the coefficient of volume expansion for the material.
Most materials can be assumed to be isotropic which makes β, the volumetric
coefficient, approximately equal to three times α, the coefficient of linear expansion. This
can be shown by the following derivation.
As shown in Figure 1 the volume of a box is calculated as
V = L1 L2 L3

Isotropic Volumetric Thermal Expansion

(A.3)
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L3 + ∆ L
L3
L2 + ∆ L

L2

L1 + ∆ L

L1

FIGURE A-1: Symbolic dimensions for a box undergoing isotropic thermal
expansion.
Using the isotropic assumption the expansion along all three directions is the same
and shown in the figure as ∆ L. Therefore, the volume of the expanded box is:
V* = (L1+ ∆L)(L2 + ∆L)(L3+∆L)

(A.4)

Substituting Equation (A.1) for ∆ L into Equation (A.4) gives
V* = (L1+ L1α∆T)(L2 + L2α∆T)(L3+ L3α∆T)

(A.5)

V* = L1L2L3(1 + α∆T)3

(A.6)

Realizing that L1 L2 L3 is the original volume
V* = V(1 + α∆T)3

(A.7)

V* = V(1 + 3α∆T + 3(α∆T)2 + (α∆T)3)

(A.8)

Assuming that (α∆T)2 and (α∆T)3 are negligible compared to the other terms
results in
V* = V(1 + 3α∆T)

(A.9)

V* = V + 3Vα∆T

(A.10)

V* = V + ∆V

(A.11)

∆V = 3Vα∆T

(A.12)

Isotropic Volumetric Thermal Expansion
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Comparing Equation (A.12) with Equation (A.2) shows that β is approximately
equal to 3α or the coefficient of volume expansion is approximately equal to three times
the coefficient of linear expansion for isotropic materials.

Isotropic Volumetric Thermal Expansion
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